Abstract: The sorption of 12 neutral organic compounds (NOCs) contained in mixtures to both hydrophilic mineral surfaces [uncoated, iron (hydr)oxide-coated, and aluminum (hydr)oxide-coated sands] and humic acid-mineral complexes with different fractions of organic carbon, f oc (¼ 0:051, 0.119, and 0.221%) was evaluated using batch equilibrium sorption tests. The 12 compounds included six nonpolar NOCs (1,2,4-trichlorobenzene; 1,4-dichlorobenzene; chlorobenzene; m-xylene; toluene; and benzene) and six polar NOCs (2,4-dimethyl phenol; p-cresol; phenol; 2-hexanone; 2-butanone; and acetone). For sorption of the nonpolar NOCs, mixture effects (e.g., competitive or cooperative effects) were not statistically significant (95% confidence level) regardless of changes in mixture composition or type of sorbent. In contrast, mixture effects for some of the polar NOCs (2,4-dimethyl phenol; p-cresol; phenol; and 2-hexanone) were statistically significant and depended on both the mixture compositions (concentration and polarity of the NOC) and the type of sorbent (availability of hydrophilic interaction sites). These results suggest that direct experimental measurement of sorption coefficients for polar NOCs contained in mixtures may be required to reduce errors in predicting the fate and transport of the polar NOCs and the risk posed to potential receptors.
Introduction
Structurally and physicochemically different components of geosorbents, such as amorphous versus condensed soil organic matter (SOM) and high-surface-area carbonaceous material, macroporous versus meso-and microporous mineral matrices, and interlayer surfaces of swelling clays, have been found to interact differently with neutral organic compounds (NOCs) in binding energies and rates of associated sorption and desorption (Karickhoff 1984; Weber et al. 1992; Xing et al. 1996; Luthy et al. 1997; Chiou and Kile 1998; Chiou et al. 2000; Allen-King et al. 2002; Pignatello et al. 2006) . In addition, the fractionation and variations in structural and chemical properties of SOM, and the mineral surface blockage by SOM in SOM-mineral complexes contribute to distinct sorption reactivities for NOCs (Feng et al. 2006; Joo et al. 2008) . As a result, the overall sorption of NOCs by natural geosorbents has been found to be represented by the sum of the contributions of several active components in heterogeneously combined geosorbents.
In mineral components, sorption of nonpolar NOCs to hydrophilic macroporous surfaces typically has been found to be linear and reversible with equilibrium being attained instantaneously (Huang et al. 1996; Mader et al. 1997; Su et al. 2006; Joo et al. 2008) . In contrast, the sorption of nonpolar NOCs to interlayer surfaces of swelling clays generally has been found to be nonlinear and irreversible with equilibrium being attained relatively slowly because of the differences in accessibility of each mineral surface to the nonpolar NOCs, as affected by near-surface geometric steric effects and by the preferential adsorption of water molecules onto hydrophilic mineral surfaces (Huang et al. 1996) . However, the unsuppressed adsorption of polar NOCs on certain minerals by water molecules leads to nonlinear sorption, and the nonlinearity has been found to be a complex function of the polarity and the H-bonding ability of the polar NOCs (Chiou and Kile 1998; Su et al. 2006) .
In organic components, sorption of nonpolar NOCs to the highly amorphous SOM domains has been found to be linear with relatively rapid rates of sorption and desorption, no sorbate-sorbate competition, sorption reversibility, and greater bioavailability of the sorbed nonpolar NOCs (Karickhoff 1984; Allen-King et al. 2002; Haws et al. 2006) . In contrast, sorption of nonpolar NOCs to condensed SOM domains or high-surface-area carbonaceous materials has been found to be nonlinear with relatively slow rates of sorption and desorption, sorbate-sorbate competition, sorption irreversibility, and significantly reduced bioavailability of the sorbed nonpolar NOCs (Weber et al. 1992; Xing et al. 1996; Luthy et al. 1997; Chiou and Kile 1998; Chiou et al. 2000; Haws et al. 2006; Pignatello et al. 2006) . Also, hydrophilic-specific interactions of polar NOCs with active sites of SOM have been found to lead to nonlinear sorption at relatively low concentrations, with the nonlinearity being a complex function of the polarity of the polar NOCs and the nature of the hydrophilic-specific interactions (Spurlock and Biggar 1994; Chiou and Kile 1998; Chiou et al. 2000) .
Although numerous studies have focused on characterizing the interactions of NOCs with various geosorbents, the majority of these studies have involved single-sorbate systems to reveal sorption mechanisms for each component and to reconcile models for heterogeneous natural geosorbents. However, subsurface contamination typically is characterized by the presence of mixtures of compounds (e.g., chlorinated solvents, fuel hydrocarbons, landfill leachates, and pesticides). Complex interactions (e.g., competitive or cooperative effects) among sorbates contained in mixtures may contribute to significant errors in predicting the fate and transport of NOCs contained in mixtures. Therefore, both systematic characterization and quantification of potential interactions among sorbates within mixtures may be required for accurate predictions of contaminant fate and transport in the subsurface.
Competitive sorption has been found to exist when sorbates with similar size and polarity compete for a limited number of sorption sites at aqueous equilibrium concentrations (C e ) that are low relative to the solubility (S w ) of the NOCs (i.e., C e =S w ≤ 0:02 for nonpolar NOCs and C e =S w ≤ 0:1 for polar NOCs) (Xing et al. 1996; Chiou and Kile 1998) . In contrast, noncompetitive linear sorption has been found for nonpolar NOCs at C e =S w ≤ 0:5 and attributed to the dominance of the amorphous SOM (Karickhoff 1984; AllenKing et al. 2002) or to the suppressed adsorption onto hydrophilic mineral surfaces by strongly chemisorbed water molecules (Huang et al. 1996; Mader et al. 1997; Su et al. 2006; Joo et al. 2008) .
Overall, all of the complex interactions among sorbates in terms of binding energies and rates of associated sorption and desorption can depend on several factors, including (1) the dominant sorption process (absorption versus adsorption); (2) the character and quantity of sorbates; (3) the nature of the SOM (amorphous versus condensed SOM or high-surface-area carbonaceous materials); and (4) the nature of the mineral surface (macroporous mineral surfaces versus interlayer surfaces of swelling clays). However, the vast majority of studies on sorption of NOCs (e.g., phenanthrene, trichloroethylene, 1,4-dichlorobenzene, toluene) contained in mixtures has involved sorbents with relatively high fractions of organic carbon, f oc (> 0:5%), whereas only a few studies have pertained to systems with low f oc (< 0:2%) that are more common for mediumand coarse-sized aquifer materials (Ball and Roberts 1991; Larsen et al. 1992) .
Furthermore, little evidence is available pertaining to mixture effects for mixtures with more than two sorbates from either the same or different NOC classes at relatively low concentrations (C e =S w < 0:4). However, characterization of both complex interactions and collective effects among sorbates at relatively low concentrations from either the same or different NOC classes may be critical for accurate risk assessment. Thus, the specific objective of this study was to investigate the complex interactions (competitive or cooperative effects) of several NOCs contained in mixtures among either the same or different NOC classes in terms of sorption to simulated aquifer sorbents with low f oc (≤ 0:221%).
Materials and Methods
Four different types of model sorbents were used in this study, viz (1) uncoated sand, (2) iron (hydr)oxide-coated sand (FES), (3) aluminum (hydr)oxide-coated sand (ALS), and (4) humic acid (HA) coated sand (HAS) with different f oc . Both the preparation procedures and characterization of metal (hydr)oxide-coated sands and HA-coated sands have been described in detail elsewhere (Joo 2007; Joo et al. 2008) . Fractionation by preferential adsorption and variations in structural and chemical properties of mineralbound HA were not considered in this study, because coating the quartz sand with HA was achieved by physical attachment.
Mixtures of organic compounds consisted of 12 NOCs, six of which are considered to be polar NOCs with polar functional groups (i.e., oxygen atom), and six of which are considered to be nonpolar NOCs without any polar functional groups. The six polar NOCs included acetone (ACE), 2-butanone (2-BUT), 2-hexanone (2-HEX), phenol (PHE), p-cresol (p-CRE), and 2,4-dimethyl phenol (2,4-DMP), whereas the six nonpolar NOCs included benzene (BZ), toluene (TOL), m-xylene (m-XYL), chlorobenzene (CB), 1,4-dichlorobenzene (1,4-DCB), and 1,2,4-trichlorobenzene (1,2,4-TCB). All of the NOCs were obtained from Sigma-Aldrich Co. (St. Louis) and Fisher Scientific Co. (Pittsburgh), and were of the highest available purity. The composition and concentration of each mixture used in the study is summarized in Table 1 .
Batch equilibrium sorption tests (BESTs) were performed at a constant solid-to-liquid ratio of 1∶2 (w=w) and temperature (20°C). A flowchart of the procedure that was followed for this study is shown in Fig. 1 . The concentration of each NOC was measured using gas chromatography (GC) (HP 5890 II, Hewlett-Packard Co., Santa Clara, CA) with a mass-selective detector (MSD) for nonpolar NOCs and a flame ionization detector (FID) for polar NOCs. The sorption of each NOC to the simulated aquifer sorbents was calculated on the basis of the concentration difference method.
Since the amount of sorbed ACE and 2-BUT at each equilibrium concentration was low, the precision, accuracy, and method detection limits were investigated before analysis. Finally, the measured sorption data were fitted using the Freundlich sorption model, or
where C s (μmol=kg) and C e (μmol=L) represent the equilibrium solid-phase and aqueous-phase concentrations, respectively. The parameter K f [ðμmol=kgÞ=ðμmol=LÞ n ] is the Freundlich unit sorption capacity, and n (dimensionless) is the joint measure of the relative magnitude and diversity of sorption energies (Weber et al. 1992) . The fitting was performed by nonlinear regression by using TableCurve 2D 5.01 to obtain the Freundlich sorption parameters, i.e., K f and n. Although both K f and n are sensitive to the concentration ranges evaluated, both parameters for each NOC could be compared in different mixture compositions, because the variations in the concentration ranges for each NOC were insignificant (see Table 1 ). Additional details pertaining to the materials and methods used in this study are provided elsewhere (Joo 2007; Joo et al. 2008) .
Because both K f and n are dependent parameters, the confidence regions for joint parameters by using the linear approximation method are represented by an ellipse, indicating potential combinations of sorption parameters that fall within the confidence regions (Vurgin et al. 2005) . However, previous studies have evaluated the effect of mixtures on the sorption of NOCs on the basis that K f and n in the log-linearized Freundlich model are independent parameters (Xing et al. 1996; Pignatello et al. 2006) . Based on this precedent, the confidence limits (CLs) for each sorption parameter were compared individually in this study to evaluate the mixture effects among the NOCs. The comparison was on the basis of the 0.05 (¼ α) level of statistical significance using Dunnett's procedure (Dunnett 1955) as contained within the statistical software used for the analysis (SAS 9.1).
Results and Discussion
For all sorption isotherms presented herein, the solid lines indicate the best-fit Freundlich sorption model for a given data set, whereas the dashed lines denote the corresponding 95% confidence intervals (CIs) for the associated Freundlich sorption model. Since the solution pHs were all < 7:5 and lower than the pK a of methyl phenol group (PHE; p-CRE; and 2,4-DMP) by more than two log units (i.e., pK a À pH ≥ 2), the contribution of the dissociated species to the overall sorption was assumed to be negligible.
Sorption of Nonpolar Neutral Organic Compounds to Hydrophilic Mineral Surfaces
The equilibrium sorption isotherms for 1,2,4-TCB and TOL in both single-sorbate systems and as 3-sorbate (Tests 1 and 2) and 12-sorbate mixtures (Tests 5-9) to ALS are presented in Fig. 2 . For single-sorbate systems, the equilibrium sorption isotherm for each nonpolar NOC to ALS was nearly linear (0:936 ≤ n ≤ 0:980), and none of the sorption isotherms indicated evidence of a saturation plateau within the concentration ranges evaluated (i.e., C e =S w ≤ 0:6). Similarly, linear sorption of each nonpolar NOC to both uncoated sand and FES also was apparent (see Joo 2007) .
Observation of linear sorption is consistent with the results reported in several other studies (Huang et al. 1996; Xing et al. 1996 ; Aqueous Equilibrium Concentration, C Mader et al. 1997; Su et al. 2006; Joo et al. 2008) , where linear sorption of several nonpolar NOCs to hydrophilic mineral surfaces (e.g., mineral oxides and kaolinite) was attributed to preferential adsorption of chemisorbed water molecules onto the hydrophilic mineral surfaces. Since nonpolar NOC molecules cannot effectively compete with strongly chemisorbed water molecules, strongly chemisorbed water molecules may reduce the impact of heterogeneous adsorption caused by surface irregularity, resulting in the practically linear sorption of nonpolar NOCs to the energetically homogeneous layers of physisorbed water molecules in the vicinal water region (a layer of chemisorbed water molecules overlain by layers of physisorbed water molecules).
As shown in Fig. 2 , on the basis of comparing the sorption data for the nonpolar NOCs from both the 3-sorbate and 12-sorbate mixtures with those for the single-sorbate sorption isotherm, most of the data (≥ 91%) from both 3-sorbate and 12-sorbate mixtures were within the 95% CIs of the single-sorbate sorption isotherm. This result indicates that sorption of nonpolar NOCs evaluated in this study was not affected by the presence of NOCs with similar or different structures and physicochemical properties. As shown in Fig. 3 for ALS, the least-square mean Freundlich sorption parameters from Dunnett's procedure (Dunnett 1955 ) used on the single-sorbate tests overlapped those used on both 3-sorbate and 12-sorbate mixtures within the 95% CLs in all cases. Similar statistical results also were obtained for both uncoated sand and FES (see Joo 2007) . Thus, mixture effects were not statistically significant (α ¼ 0:05), and the effect of changes in mixture composition with similar or different structures and physicochemical properties on sorption of nonpolar NOCs to hydrophilic mineral surfaces apparently were insignificant.
Consistent with the results of this study, the absence of competitive adsorption in the binary-solute systems to hydrophilic mineral surfaces has been reported in other studies (Xing et al. 1996; Su et al. 2006) . In these studies, the noncompetitive sorption of several nonpolar NOCs was attributed to weak adsorption over a strongly adsorbed water film, onto which the nonpolar NOC molecules at a discrete molecular state occupy only a small fraction of the energetically uniform surface. Since nonpolar NOC molecules do not participate in H-bonding and replace the weakly physisorbed water molecules overlying the chemisorbed water molecules (Huang et al. 1996; Xing et al. 1996) , nonpolar NOC molecules cannot compete with both polar NOC molecules and water molecules for the specific sorption sites on these hydrophilic mineral surfaces and, therefore, are likely sorbed farther away from hydrophilic mineral surfaces. Therefore, noncompetitive sorption of nonpolar NOCs within mixtures is expected, owing to the partitioning of nonpolar NOCs between relatively disorganized bulk water and the energetically homogeneous physisorbed water layers (promoted by the reduced entropy of the disorganized bulk water), regardless of changes in mixture compositions or type of hydrophilic mineral surface.
In order to quantify the changes in the least-square mean Freundlich sorption parameters for the nonpolar NOCs in both 3-sorbate and 12-sorbate mixtures relative to the single-sorbate systems, the least-square mean Freundlich sorption parameters for the nonpolar NOCs contained in mixtures were normalized against those from the single-sorbate systems (e.g., K f ;mix =K f ;single and n mix =n single ). On the basis of the normalization analysis, the variation in the mean K f values for individual nonpolar NOCs contained in mixtures relative to those for the single-sorbate systems (0:69 ≤ K f ;mix =K f ;single ≤ 1:41) was greater than the variation in the mean n values for individual compounds contained in mixtures relative to those for the single-sorbate systems (0:89 ≤ n mix = n single ≤ 1:08). Therefore, the sorption capacity (K f ) was affected to a greater extent than the diversity of sorption energies (n) in mixtures. However, the changes in K f and n were not statistically significant (α ¼ 0:05) for all cases. Consequently, within the concentration ranges evaluated (C e =S w ≤ 0:6), near-linear and noncompetitive sorption of nonpolar NOCs in complex mixtures to hydrophilic mineral surfaces is expected and, hence, single-sorbate sorption coefficients may be adequate for use in environmental modeling of the nonpolar NOCs in complex mixtures, where the molecules of nonpolar NOCs are at a discrete molecular state in the vicinal water region.
Sorption of Polar Neutral Organic Compounds to Hydrophilic Mineral Surfaces
The equilibrium sorption isotherms for the polar NOCs in both single-sorbate systems and as 3-sorbate (Tests 3 and 4) and 12-sorbate mixtures (Tests 5-9) to ALS are presented in Fig. 4 . For single-sorbate systems, the equilibrium sorption isotherms of each polar NOC to ALS were more nonlinear (0:666 ≤ n ≤ 0:882) than those of nonpolar NOCs (0:936 ≤ n ≤ 0:980), but none of the sorption isotherms indicated saturation within the concentration ranges evaluated (C e =S w ≤ 0:005). Furthermore, the sorption capacities (K f ) for polar NOCs were lower than those for nonpolar NOCs by factors ranging from three to more than an order of magnitude. Similarly, the nonlinear and capacity-reduced sorption of each Fig. 3 . Variations in Freundlich sorption parameters (K f and n) for nonpolar neutral organic compounds to aluminum (hydr)oxide-coated sand; error bars indicate 95% confidence limits of least-square means for K f and n using SAS 9.1 statistical software polar NOC to both uncoated sand and FES used in this study has also been observed (see Joo 2007) . This nonlinear sorption of polar NOCs has been reported in other studies (Spurlock and Biggar 1994; Xing et al. 1996) , and was attributed to the greater contribution from hydrophilic-specific interactions, presumably H-bonding with surface hydroxyl groups, than that from hydrophobic nonspecific interactions. Since polar NOC molecules can compete against strongly chemisorbed water molecules as H-bonding acceptors, polar NOC molecules can sorb closer to the hydrophilic mineral surfaces, resulting in the nonlinear sorption of polar NOC molecules owing to the heterogeneous adsorption potential. Also, sorption of polar NOCs to hydrophilic mineral surfaces became increasingly nonlinear (i.e., decreasing n) with increasing polarity of polar NOCs (e.g., 0.882, 0.725, and Single  Test 3  Test 5  Test 6  Test 7  Test 8  Test 9 Aqueous Equilibrium Concentration, C Single  Test 3  Test 5  Test 6  Test 7  Test 8  Test 9 Aqueous Equilibrium Concentration, C Fig. 4 . Sorption isotherms of polar neutral organic compounds both as single sorbates and in mixtures to aluminum (hydr)oxide-coated sand; dashed lines denote 95% confidence intervals for the best-fit Freundlich sorption model on the basis of data sets obtained from single-sorbate systems 0.666 for DMP, p-CRE, and 2-BUT, respectively), suggesting that nonlinear sorption of polar NOCs appears to be related to the polarity of NOCs. As the polarity of polar NOCs increased, the specific interactions between polar NOCs and hydrophilic mineral surfaces apparently became facilitated via H-bonding with surface hydroxyl moieties or strongly chemisorbed water molecules, leading to nonlinear sorption over the low concentrations evaluated (C e =S w ≤ 0:005). As shown in Fig. 4 , some polar NOCs (p-CRE and PHE) from both 3-sorbate and 12-sorbate mixtures were not within the 95% CIs of the single-sorbate sorption isotherm. This result indicates that sorption of some of the polar NOCs apparently was affected by the presence of the other NOCs. Based on the results for ALS shown in Fig. 5 , the least-square mean values for the Freundlich sorption parameters applied to the single-sorbate test results in some cases did not overlap those on the basis of both the 3-sorbate and 12-sorbate mixtures within the 95% CLs (e.g., see shaded areas in Fig. 5 Fig. 5 . Variations in Freundlich sorption parameters (K f and n) for polar neutral organic compounds to aluminum (hydr)oxide-coated sand; error bars indicate 95% confidence limits of least-squares means for K f and n using the SAS 9.1 statistical software not statistically different (α ¼ 0:05) in any case. This observation suggests that the decrease in sorption capacity (K f ) and linearization of sorption for a given polar NOC contained in the mixtures occurred in a selective manner, which is consistent with the findings of other studies (Xing et al. 1996; Chiou and Kile 1998) . As shown in Fig. 5 , the nonlinear sorption of PHE was suppressed in the 12-sorbate mixtures (Tests 5-9), but not in the 3-sorbate mixtures (Tests 3). In the 3-sorbate mixtures, the higher polarity of PHE relative to that of 2,4-DMP and p-CRE favored sorption of PHE to the hydrophilic-specific sites. However, in the 12-sorbate mixtures, the higher polarities of 2-BUT and ACE relative to the polarity for PHE favored sorption of 2-BUT and ACE to the hydrophilic-specific sites, thereby suppressing the nonlinear interactions of PHE with the hydrophilic-specific sites. As a result, sorption of PHE to hydrophilic mineral surfaces was affected to different extents depending on the mixture composition. Similar results also were obtained for both uncoated sand and FES (see Joo 2007) . Considering the specific interactions between polar NOCs and hydrophilic mineral surfaces, the presence and magnitude of mutual competition are subject to variation that depended on both the composition of the mixture (concentration and polarity of polar NOCs) and the type of mineral surface (specific volume of vicinal water region and availability of hydrophilic-specific sorption sites). Therefore, single-sorbate sorption coefficients may not be adequate for use in environmental modeling of the polar NOCs contained in complex mixtures and sorption of polar NOCs contained in mixtures to hydrophilic mineral surfaces is more complex and difficult to predict than that of nonpolar NOCs contained in mixtures.
Sorption of Nonpolar Neutral Organic Compounds to Humic Acid-Coated Sands
The equilibrium sorption isotherms for 1,2,4-TCB and TOL in both single-sorbate systems and 3-sorbate (Tests 1 and 2) and 12-sorbate mixtures (Tests 5-9) to HA-coated sand with an f oc value of 0.221% (i.e., HAS3) are shown in Fig. 6 . For single-sorbate systems, all of the equilibrium sorption isotherms for the nonpolar NOCs to HAS3 were nearly linear (0:946 ≤ n ≤ 1:02), and none of the sorption isotherms revealed saturation within the concentration ranges evaluated (C e =S w ≤ 0:5). Linear sorption of each nonpolar NOC to the HA-coated sands with f oc values of 0.051% (HAS1) and 0.119% (HAS2) used in this study also has been observed (see Joo 2007) . Also, sorption of nonpolar NOCs increased linearly with increasing f oc , indicating that mineral-bound HA contributed to the sorption of the nonpolar NOCs to the HASs.
This near-linear sorption for the nonpolar NOCs can be attributed to both absorptive partitioning into HA and the suppression of direct adsorption onto mineral surfaces by strongly chemisorbed water molecules. The condensed domains of the HA or highsurface-area carbonaceous material, such as charcoal and soot, were not likely to have been substantial on the basis of the high oxygen/carbon ratio for the HA (O=C ≥ 0:64) and the low surface areas of three HASs (≤ 2:84 m 2 =g). Therfore, the nonpolar NOCs likely partitioned primarily into loosely knit macromolecules of HA, relegating the role of adsorption or hole filling onto tightly knit macromolecules of HA or high-surface-area carbonaceous material as insignificant even over low concentrations (C e =S w < 0:05). As a result, strong specific interactions between the nonpolar NOCs and the HASs were not likely, such that the sorption behavior to the three HASs was linear (see Joo 2007) .
As shown in Fig. 6 for HAS3, most of the data (≥ 86%) from both 3-sorbate and 12-sorbate mixtures were within the 95% CIs of the single-sorbate sorption isotherm. This result indicates that sorption of the nonpolar NOCs was not affected by the presence of the other NOCs. As shown in Fig. 7 for HAS3, the least-square mean values of the Freundlich sorption parameters on the basis of the single-sorbate tests overlapped those based on both the 3-sorbate and 12-sorbate mixtures within the 95% CLs in all cases. Similar statistical results also were obtained for both HAS1 and HAS2 (see Joo 2007) . Thus, mixture effects were not statistically significant (α ¼ 0:05) for sorption of nonpolar NOCs to relatively low-surface-area aquifer materials, regardless of changes in mixture composition and the amount of mineral-bound HA.
The absence of mixture effects can be attributed to the dominance of partitioning of nonpolar NOCs into loosely knit macromolecules of HA, relative to the adsorption or hole-filling of nonpolar NOCs onto tightly knit macromolecules of HA or high-surface-area carbonaceous material (Luthy et al. 1997; Chiou and Kile 1998; Allen-King et al. 2002) . Additionally, nonpolar NOCs cannot compete effectively with polar NOCs and water for the oxygen-and hydroxyl-containing functional groups of HA (Spurlock and Biggar 1994; Chiou and Kile 1998; Chiou et al. 2000) . Consistent with the results of this study, the contribution of partitioning of nonpolar NOCs contained in mixtures to humic Test 1  Test 5  Test 6  Test 7  Test 8  Test 9 Aqueous Equilibrium Concentration, C acid-coated sands has been found to become increasingly dominant relative to adsorption when the sites for adsorption are limited relative to the amount and number of nonpolar NOCs in the mixture (Chiou and Kile 1998; Chiou et al. 2000) .
Although both sorption capacity and nonlinearity changed in the mixtures compared to those in the single-sorbate systems, such changes were not statistically significant (α ¼ 0:05) in all cases. Consequently, the single-sorbate sorption coefficients should be adequate for use in environmental modeling of the nonpolar NOCs contained in complex mixtures. However, the collective effect of multiple classes of NOCs on the sorption of a given nonpolar NOC to HA-mineral complexes should not be ignored if the competitive adsorption of nonpolar NOCs onto condensed domains of HA or high-surface-area carbonaceous material is significant.
Sorption of Polar Neutral Organic Compounds to Humic Acid-Coated Sands
The equilibrium sorption isotherms for the polar NOCs in both single-sorbate systems and as 3-sorbate (Tests 3 and 4) and 12-sorbate mixtures (Tests 5-9) to HAS3 are shown in Fig. 8 . For single-sorbate systems, the equilibrium sorption isotherm for each polar NOC to HAS3 was more nonlinear (0:666 ≤ n ≤ 0:835) than any of those for the nonpolar NOCs (0:946 ≤ n ≤ 1:02), and none of the sorption isotherms reached saturation over the concentrations evaluated (C e =S w ≤ 0:005). Also, the sorption capacities (K f ) for polar NOCs were lower than those for nonpolar NOCs by factors ranging from four to more than an order of magnitude. Relative to the nonpolar NOCs, the polar NOCs also exhibited lower sorption capacity and greater sorption nonlinearity to both HAS1 and HAS2 (see Joo 2007) .
Such nonlinear sorption for the polar NOCs can be attributed to site-specific hydrophilic-specific interactions, such as H-bonding with the functional groups of HA and surface hydroxyls of mineral surfaces (Spurlock and Biggar 1994; Chiou and Kile 1998; Chiou et al. 2000) . Similar to the sorption behavior of hydrophilic mineral surfaces, sorption of the polar NOCs to HAS3 became gradually nonlinear with increasing polarity of the polar NOCs (e.g., 0.835, 0.818, and 0.666 for DMP, PHE, and ACE, respectively), indicating that the sorption nonlinearity of the polar NOCs was a complex function of both the polarity and the H-bonding ability of the polar NOCs with the HA and the mineral surfaces.
As shown in Fig. 8 , some polar NOCs (PHE and 2-HEX) from the 12-sorbate mixtures were not within the 95% CIs of the singlesorbate sorption isotherm. This result indicates that sorption of some of the polar NOCs evaluated in this study was affected by the presence of the other NOCs, regardless of structure and physicochemical properties. Based on lower K f values and higher n values for PHE and 2-HEX in the 12-sorbate mixtures relative to single-sorbate systems, the suppressed sorption of PHE and 2-HEX by the other NOCs was statistically apparent (α ¼ 0:05) in some cases (see shaded areas in Fig. 9 ). For HAS1 and HAS2, the suppressed sorption of 2,4-DMP; p-CRE; PHE; and 2-HEX by other NOCs was statistically apparent (α ¼ 0:05) in some cases (see Joo 2007) . In contrast, the sorption of 2-BUT and ACE as single sorbates or within mixtures was not statistically different (α ¼ 0:05) in any case. Based on these results, 2-BUT and ACE exhibited dominant behavior among the polar NOCs because of a greater H-bonding ability with mineral surface and the functional groups of the HA. Consequently, the sorption of a given polar NOC contained in mixtures to relatively low-surface-area aquifer materials with low f oc (≤ 0:221%) occurred in a complex and selective manner.
For a given HAS, both sorption capacities and nonlinearity of PHE contained in mixtures were affected differently by the changes in mixture compositions. However, with increased availability of hydrophilic interaction sites, the effect of mixture composition on the sorption of PHE to the HASs decreased with increasing f oc . This trend indicates that sorption of a given polar NOC contained in mixtures was a complex function of the changes in mixture composition and the availability of hydrophilic interaction sites for the HASs. Therefore, the suppression in the nonlinear sorption behavior of a given polar NOC by the other NOCs in the mixtures occurred in a complex and selective manner, depending on the composition of the mixture (concentration and polarity of the polar NOCs) and the type of sorbent (availability of hydrophilic interaction sites). As a result, the sorption of the polar NOCs contained in the mixtures to the relatively low-surface-area aquifer materials with low f oc (≤ 0:221%) was more subject to variation in the composition of the mixture and the type of sorbent, and was more complex and difficult to predict than that of the nonpolar NOCs contained in the same mixtures.
Conclusions
The results of this study indicate that single-sorbate sorption coefficients are not adequate for use in environmental modeling of the polar NOCs contained in mixtures, whereas those for Aqueous Equilibrium Concentration, C Single  Test 4  Test 5  Test 6  Test 7  Test 8  Test 9 Aqueous Equilibrium Concentration, C Fig. 9 . Variations in Freundlich sorption parameters (K f and n) for polar neutral organic compounds to HA-coated sand (f oc ¼ 0:221%); error bars indicate 95% confidence limits of least-squares means for K f and n using the SAS 9.1 statistical software
